Tough natural nanocomposites like bone, nacre and sea sponges contain within their hierarchy, a mineral (phosphate, silicate or carbonate) phase that interacts with an organic phase. In bone, the role of mineral ultrastructure (organization, morphology, composition) is crucial to the mechanical and biological properties of the tissue. Better understanding of mineral interaction with the organic matrix, in particular non-collagenous proteins, osteocalcin (OC) and osteopontin (OPN), can lead to better design of biomimetic materials. Using small angle x-ray scattering (SAXS) and wavelength dispersive spectroscopy (WDS) on single (OC −/− and OPN −/− ) and double (OC-OPN −/−;−/− ) genetic knockout mice bones, we demonstrate that both osteocalcin and osteopontin have specific roles in the biomolecular regulation of mineral in bone and together they are major determinants of the quality of bone mineral. Specifically, for the first time, we show that proteins osteocalcin and osteopontin regulate bone mineral crystal size and organization in a codependent manner, while they independently determine crystal shape. We found that OC is more dominant in the regulation of the physical properties of bone mineral, while OPN is more dominant in the regulation of the mineral composition.
Tough natural nanocomposites like bone, dentin, nacre 1 and sea sponges 2 contain within their hierarchy, a mineral (phosphate, silicate or carbonate) phase 3 . The regulation of mineral ultrastructure is various biological systems is a complex biophysical process. Mineralization in various natural nanocomposites is affected by the coordinated action of various extracellular organic molecules, including proteins, on the inorganic phase. Similar to these nanocomposites, ultra-structural composition and organization of the mineral phase in bone is critical for its enhanced toughness 4 . For example, bone diseases that increase bone's propensity to fracture, such as osteogenesis imperfecta 5, 6 and osteopetrosis 7 , are known disturb the nanoscale heterogeneity in bone matrix by altering mineral crystal thickness and organization.
Bone mineral crystals are primarily constituted of hydroxyapatite. The crystals are present within the gap regions 8 of the collagen fibril and in the extrafibrillar regions (space located outside the collagen fibril) 9 , and each has a thickness of up to 5 nm 10 . Bone crystals exhibit a plate or needle-like morphology and are aligned such that their c-axis lies along the long axis of collagen fibrils 8 . They vary in crystallinity (crystal size and perfection) due to trace impurities including trace element ions like carbonate (CO 3 2− ), fluoride (F − ), sodium (Na + ) and magnesium (Mg 2+ ) ions as well as vacancies. The impurities are incorporated as substitutions within the HA lattice 11 . While cations like Mg 2+ and Na + substitute for Ca 2+ sites, anions like F − substitute the OH − sites within the HA lattice, modulating hydrogen bonding. Carbonate substitutes for both hydroxyl (B-type substitution) and phosphate (A-type substitution). Trace elements are important constituents of bone mineral. The amount of sulfur (S), also present in trace quantities, has been correlated with proteoglycan content present in bone matrix 12 . Trace elements such as F and Mg, significantly impact bone metabolism. Fluorine, for example, induces bone formation through increased osteoblastic activity but inhibits mineralization 13 . Magnesium substitution stimulates osteoblast proliferation and its depletion causes bone fragility and bone loss 14 . Non-collagenous proteins (NCPs) including osteocalcin (OC) and osteopontin (OPN) have long been associated with regulating bone mineral. Osteocalcin, a protein predominantly synthesized by osteoblasts, is known for its strong binding affinity to bone mineral 15 . OC's mineral binding capacity is facilitated by its carboxyglutamic acid residues providing a function that has been well conserved through evolution 16 . Osteopontin (meaning 'bone bridge'), a large highly charged glycoprotein, also binds to extracellular calcium via its acidic (aspartate and glutamate) and phosphorylated (serine and threonine) residues and plays a role in nucleating bone mineral 17 . Here, we ask whether OC and OPN regulate crystal size, morphology and composition of bone at the nanoscale. If so, how do they act? And, do they act through independent or codependent functional motifs?
In previous studies, the use of genetically engineered mice has allowed for a careful evaluation of the role of NCPs in regulation of mineralization in bone. Single knockout mice, deficient in osteocalcin (OC −/− ) 18 and osteopontin (OPN −/− ) 19 , reveal that OC and OPN influence the material composition of mineral crystals. Fourier transform infrared microscopy (FTIRM) demonstrates that bones of mice lacking osteocalcin, reported to be an inhibitor of bone formation 18 , contain smaller mineral crystals with lower carbonate substitution 20 . In vitro, highly phosphorylated osteopontin can nucleate, facilitate and inhibit crystal growth, while less phosphorylated OPN inhibits HA growth 17 . Although, OPN −/− mice bones do not show distinct morphological differences as compared to WT bones 19 , OPN −/− bones show greater mineral to matrix ratio and increased crystal maturity in comparison with WT 21 suggesting that OPN may influence bone's nanostructure via physicochemical pathways. Single knockout mice models (for example OPN −/− or OC −/− ) alone fail to elucidate the specific roles of NCPs in the regulation of bone mineral properties as the loss of one NCP may be compensated by the other -such redundancy is often seen in key biological processes 22 . The OC-OPN −/−;−/− genotype, that lacks both OC and OPN, was generated by breeding OC −/− mice 18 with OPN −/− mice 19 . The absence of both OC and OPN from these mice allows us to investigate the independent and redundant roles of OC and OPN in the bone mineralization process.
Here, we use this mouse genotype (OC-OPN ) to elucidate the individual roles of OC and OPN in bone mineral regulation. Through the use of small angle x-ray scattering (SAXS), a technique that allows investigation of length scales from 0.5-50 nm 23 , OC-OPN −/−;−/− mineral characteristics were compared to both WT and single knock-outs (OC −/− and OPN −/− ). Wavelength dispersive spectroscopy (WDS) was used to obtain the elemental composition of each genotype including calcium to phosphorus molar ratios. Scanning electron microscopy (SEM) was employed to qualitatively examine nanoscale structural changes that occur in bone mineral crystals in the absence of osteocalcin and/or osteopontin.
Results
Quantitative analysis of 2D SAXS spectra revealed that the absence of either OC and/or OPN reduced crystal thickness (Fig. 1a) and reduced crystal orientation (Fig. 1b) We performed Spearman correlation analyses between crystal thickness and orientation. Results confirmed our hypothesis that OC and OPN are codependent in the regulation of crystal thickness (variable x) and orientation (variable y). Thickness correlated positively with orientation suggesting that thicker (and thus more mature) WT crystals (R = 0.632, p < 0.001) were more longitudinally aligned. Therefore, the presence of both OC and OPN, increased crystal maturity and led to better alignment. Additionally, no correlation was seen between thickness and orientation in OC −/− , OPN −/− and OC-OPN −/−;−/− mice (p > 0.05). Hence, the absence of either or both proteins disrupts the interdependent relationship between mineral crystal thickness and crystal orientation as seen in WT mice bone. In contrast to the interdependence seen in the regulation of crystal thickness and orientation, we found that OC and OPN independently affected crystal shape (Fig. 1c) .
Qualitative analysis of Porod plots ( Quantitative WDS analyses revealed significant differences in trace element levels present in the bone matrix of the four genotypes investigated (Fig. 3) . Mg/Ca (w/w) ratio was lower (One-way ANOVA post hoc SNK test) in OPN −/− group (0.0172 ± 0.0025) as compared to WT (0.0188 ± 0.0020), OC −/− (0.0192 ± 0.0021) and OC-OPN −/−;−/− (0.0189 ± 0.0022) groups (Fig. 3a) . Na/Ca (w/w) ratio was higher in the OPN −/− group as compared to the WT group (p < 0.05, Student's t-test). Na content in the OC −/− and OC-OPN −/−;−/− bones was similar to that in WT (Fig. 3b) . S/Ca (w/w) ratio was higher in bones of OPN −/− mice (0.0053 ± 0.0015) as compared to WT (0.0044 ± 0.0006), OC −/− (0.0042 ± 0.0008) and OC-OPN −/−;−/− (0.0046 ± 0.0010, p = 0.054) mice bones (ANOVA post hoc SNK test) (Fig. 3c) . F/Ca (w/w) ratio was higher (One-way ANOVA post hoc SNK test) in the OPN −/− group (0.0056 ± 0.0023) as compared to WT (0.0039 ± 0.0020), OC −/− (0.0032 ± 0.0019) and OC-OPN −/−;−/− (0.0041 ± 0.0019) groups (Fig. 3d ). In particular, OPN −/− mice showed reduced levels of Mg (p = 0.023) and increased levels of S (p = 0.007), F (p < 0.003), Na (p = 0.054) and as compared to the WT, OC −/− and OC-OPN −/−;−/− genotypes. Surprisingly, the levels of these elements were similar in the WT, OC −/− and OC-OPN −/−;−/− genotypes, indicating that OPN may be a dominant regulator of crystal composition as compared to OC and other matrix NCPs. No significant differences were seen amongst the groups in the Ca/P ratio, with one-way ANOVA. However, Student's t-tests showed increase in Ca/P molar ratio in OC −/− (1.442 ± 0.064, p = 0.028) and OPN −/− (1.443 ± 0.086, p = 0.064) groups as compared to WT (1.404 ± 0.060). The Ca/P molar ratio for OC-OPN −/−;−/− mice bones (1.428 ± 0.070) was not significantly different from WT.
A scanning electron microscope (SEM) analysis of the WT and OC-OPN −/−;−/− bones illustrates that the mineral in WT bone is rod-like (Fig. 4a , indicated by dotted rectangular outline in red), and is oriented in the direction of the collagen fibril. In contrast, OC-OPN −/−;−/− mice bones exhibit rounded, plate-like crystals (Fig. 4b , arrow) which appear to link together to form aggregates (Fig. 4b, circled) . The SEM characterization corroborates our SAXS findings detailed above. A schematic (Fig. 4c) illustrates mineral crystal morphology and arrangement in each of the genotypes studied.
Discussion
NCPs are secreted during osteoid mineralization and their physico-chemical interactions with bone mineral have been well documented in vitro 17 . This study demonstrates for the first time, that OC and OPN have multiple functions in the regulation of bone mineral properties. Through the use of both, single and double knock-out mice genotypes, the results presented show that the absence of either or both NCPs, OC and OPN, from bone matrix significantly reduces crystal thickness and alters crystal shape as compared to WT controls. Furthermore, loss of NCPs OC and OPN from the matrix disrupts the longitudinal crystal orientation and changes trace elemental composition of mineral crystals. Whilst OC is more dominant in the regulation of the physical properties of bone mineral such as size (mineral thickness), OPN is more dominant in the regulation of trace elemental composition of bone mineral.
Osteocalcin serves primarily to ensure growth of crystals. Existence of such a function for OC in bone can also be supported by previous in vitro observations that show precise arrangement of Ca 2+ sites on the hydroxyapatite surface lattice through controlled apposition of Ca 2+ , OH − and PO 4 3− ions by γ-carboxyglutamic acid residues (Gla)] of OC 15 . The smaller and imperfect crystals observed in the OC −/− mice, can be explained by poorly (Fig. 4b) . Thus, OC may function to maintain bone anisotropy by preventing the formation of aggregates. Furthermore due to an overall reduction of organized interfacial interaction, as is likely in planar crystals, mineral aggregation can limit mineral interaction with the organic components and reduce the efficacy of load transfer through the matrix and bone toughness 25 . Unlike OC, which is a more dominant regulator of crystal size and morphology, here we show that OPN principally functions as a nucleator of mineral in bone and regulates crystal composition and crystal growth. In particular, we found a significant reduction in the crystal thickness of OPN −/− genotype as compared to WT (Fig. 1a) demonstrating that the presence of OPN is necessary for normal crystal growth. OPN can transiently bind to collagen and serve as a nucleation scaffold for bone mineral during the early stages of mineralization. This process is likely mediated by phosphorylated residues present on OPN 26 . Sufficient PO 4 3− groups can encourage the assembly of a critical HA nucleus size for crystal growth and also allow the accumulation of enough Ca 2+ and Mg 2+ ions to attract OC Gla groups. OC also binds with great affinity to Mg 27 and our results indicate that OC may be involved in the removal of Mg from mineral because OC controls crystal growth during the mineralization process. The trace element sulfur is present in larger amounts within osteoid and has been shown to vary directly with the amount of chondroitin sulfate 12 . It likely that there is presence of increased levels of negatively charged sulfonated glycosaminoglycans within OPN −/− mice bone as compared to the other genotypes 12 . An increase in the content of sodium in OPN −/− bones, could be due to increased chondroitin sulfate levels. Consistent with the above concept, we found that OPN is a dominant regulator of crystal chemical composition as compared to OC. Since OPN is a phosphorylated protein, it may have an integral role in the substitution of phosphate ions within bone mineral 28 . Thus, the increased Ca/P molar ratio in OPN −/− mice can be explained by the loss of phosphate groups in these mice. The substitution of CO 3 2− and HPO 4 2− for PO 4 3− sites within the HA lattice 20 may therefore control crystal maturity and alter the Ca/P molar ratio in the OC −/− mice bones as was found in this study. It is noteworthy that these results differ from those reported in previous FTIRM studies on ovariectomized (OVX) WT and OC −/− mice 20 showing a reduced Ca/P molar ratio in OC −/− compared to WT mice. This discrepancy between our and previous studies is explained as follows. Accelerated turnover in OVX WT mice prevents crystal maturation which is known to correlate with increased size 20 . Such changes may result in an apparent increase in the Ca/P value in OC −/− OVX mice which most likely contain a more uniform distribution of small, immature crystals as opposed to a combination of mature and immature crystals in 6-month old male mice bones used here.
It is also known that the interaction of OC with Ca 2+ and with OPN and Ca +2 and collagen, causes conformational changes that facilitate OC attachment onto the hydroxyapatite surface 15, 17 . The continuous phosphorylation and dephosphorylation of OPN is capable of modulating the local environment by regulating the flux of phosphate groups into bone mineral. The above process is likely enhanced in the WT crystal growth, where both OC and OPN are present. Alternatively, OPN's ability to interact directly with OC 29 may explain its role in crystal growth. Such interdependence between OC and OPN could be a principal mechanism through which crystal thickness is regulated. Indeed, in vitro experiments have shown that crystal growth is enhanced in the presence of both OC and OPN 17 . Our results show that in the absence of either one, or both, crystal growth and arrangement deviates from WT control.
In particular, we show that OC partially rescues crystal thickness (Fig. 1a) in the OPN −/− mice. However, the similarity in crystal shape and crystal thickness values of OC −/− and OC-OPN −/−;−/− indicates that OPN is unable to mitigate the effect that the loss of OC has on crystal shape and thickness. No differences in the trace elements were noted between the WT, OC −/− and OC-OPN −/−;−/− (Fig. 3) . Therefore we note the presence of redundancies in the regulation of crystal composition where an imbalance in the OPN −/− mice is mitigated by an alternative mechanism associated with simultaneous loss of OC and OPN in the OC-OPN −/−;−/− mice. We postulate the involvement of other NCPs, for example proteoglycans and DMP-1, in such functional redundancies. Also, the physicochemical processes may be mediated by cells (osteoblasts or osteoclasts) in the presence/ absence of NCPs. However, it is important to note that even in the absence of OC and OPN, there is formation of mineral crystals with certain size, shape and orientation. Consequently while redundancies may exist, the matrix nano-architecture is certainly not optimal. In that regard, the effect of absence of other NCPs on mineral properties needs further examination.
Based on the above results, a new model (Fig. 5) on the mechanistic roles of OC and OPN in bioregulation of crystal growth is proposed. Per our model, mineral crystals nucleate on the collagen fibril with the cooperative action of OC and OPN. Subsequent action by OC leads to regulated crystal growth along the collagen fibril in order to maximize mineral organic interaction. OC recruits and arranges constituent hydroxyapatite ions, principally Ca 2+ and PO 4 −3 onto the growing mineral crystals. OC attaches to Ca 2+ on the crystal surface to ensure that the crystal shape and size are maintained. OPN assists in the recruitment of other ionic species like Mg 2+ that substitute for Ca 2+ within the HA lattice and also control the influx of negatively charged groups like F − during the crystal growth phase. Crystals then conjugate with other crystals through the formation of OC-OPN linkages. The interfacial OC-OPN linkages, connecting the organic and mineral components of bone matrix, are crucial in determining bone matrix properties 25 . Any disruption in the bone nanostructure due to absence of OC or OPN hinders bioregulation of mineral in bone.
The mineral phase is crucial for the load bearing function of bones 3 . The conservation of γ-carboxyglutamic acid sequences in OC 30 as well as phosphorylation sequences and negatively charged amino acid groups (aspartate/ glutamate) in OPN 31 throughout evolution highlight the significance of negatively charged groups in the maintenance of bone mineral. Findings of this study demonstrate, for the first time, that OC and OPN have multiple functional roles in the bioregulation of bone mineral. In addition to being more dominant in the control of crystal size and morphology than OPN, OC also mitigates the effects that the absence of OPN has on mineral crystal characteristics. In contrast, OPN, the highly charged and phosphorylated protein, is more dominant than OC in regulating trace element crystal composition in bone mineral. The role of OC and OPN presented here, gives insight into how nature can regulate nanoscale material properties of other mineralized materials (nacre, abalone, etc.). 
Materials and Methods
Mice Models. Four mice genotypes including wild-type (WT), osteocalcin knock-out (OC −/− ), osteopontin knock-out (OPN −/− ) and osteocalcin-osteopontin double knock-out (OC-OPN −/−;−/− ) were used in this study. The WT mice were generated from heterozygote crosses of OC-OPN −/−;−/− mice. Male or female mice aged six months (n = 5 for each genotype) were sacrificed and mid-diaphyseal cross-sections of their femora were analyzed. The bones were dehydrated in 70% and 100% ethanol prior to SAXS, WDS or SEM analyses. All methods were carried out in accordance with relevant guidelines and regulations. All animal experimental protocols were approved by IACUC committees at Yale and RPI.
Small angle x-ray scattering. SAXS employs elastic scattering of x-rays to analyze nanoscale features in materials. Evaluation of relationships between scattered intensity (I), scattering vector (q) and azimuthal angle (ψ) allow estimation of thickness, orientation and shape of mineral crystals in bone; the scattering vector q is given by 4sin(θ)/λ (λ is the wavelength of x-rays (0.154 nm) and θ is the angle between the x-ray beam and detector) 23 . 2-D SAXS spectra were acquired on a Bruker Nanostar-U (Bruker, Switzerland) with a rotating anode, turbo copper x-ray source and a noise-free Hi-STAR 2-D detector with real-time photon counting ability. Spectra were acquired at selected points (n = 10) for each mouse bone specimen. Using Porod's law (P = Iq 4 ), the Porod constant P was calculated for every 2-D spectrum from regions (Porod regime) where Iq 4 was constant. In cases where Iq 4 steadily increased (rising curve regime), the slope's median Iq 4 value was used. The Porod law allows for the calculation of surface to volume ratio, or thickness of the mineral particles, by considering bone as a two-phase material of mineral and organic phases where the mineral-organic interface is sharp 32 . Deviations from Porod's law can be interpreted to reveal information about the material organization.
Kratky plots (q 2 I vs. q), were used to evaluate the area under the Kratky curve (J). Similar to Porod's constant 'P' , the parameter J is an invariant and used in the computation of crystal thickness (4 J/πP) 10 . To determine the average shape of mineral crystals, we analyzed the Kratky plots based on previous studies 10, 24 . By defining a new variable x = qT (normalized q) and a new function G(x) = q 2 I(q)/I(0), the Kratky function was normalized with respect to thickness. The rescaled G(x) function defines only the shape of the crystals irrespective of the thickness. Orientation of bone mineral crystals (ρ) in the plane of the longitudinal cross-section was computed from I(ψ) versus ψ (0 < ψ < 2π) plots 33 , where ψ is the azimuthal angle within the plane of the 2-D spectrum.
Wavelength Dispersive Spectroscopy (WDS). WDS was performed on a Cameca SX-10 Electron
Microprobe Analyzer (Cameca, France), equipped with five crystal spectrometers, secondary electron (SE) and back-scattered electron (BSE) detectors and a Bruker AXS Quantax 200 EDS system. The large area crystals (four LPET, two LLIF, one LPCO), used for the WDS, were housed in four of the five spectrometers. WDS allows quantitative analyses of multiple elements with a high degree of precision (ppm). As opposed to energy dispersive x-ray spectroscopy (EDXS), WDS allows separation of elemental peaks that are otherwise close and indistinguishable within the EDXS spectrum. For each genotype, an average of all specimens was taken (n = 5 specimens per group). For each specimen, 10 data acquisition points were obtained. Samples for analysis were 100 μm thick mid-diaphyseal cortical bone sections coated with ~30 nm layer of carbon prior to analyses. An operating voltage of 15 kV and an electron beam spot size of 10 μm were used for all measurements. For all specimen, data was acquired for the following elements: calcium (Ca), phosphorous (P), magnesium (Mg), fluorine (F), sodium (Na) and sulfur (S). Prior to data acquisition, points of interest were randomly selected on backscattered electron microscopy images obtained on an SEM affixed to the microprobe.
Scanning electron microscopy. SAXS findings were validated using scanning electron microscopy on a Carl Zeiss Supra SEM (Carl Zeiss Microscopy, Thornwood, U.S.A.) equipped with InLens SE detector, Everhart-Thornley SE detector and a Robinson BSE detector, with voltage and current limits of 30 kV and 20 nA, respectively. Mice bone were fractured in three-point bending. Fractured diaphyseal regions of WT, OC −/− , OPN −/− and OC-OPN −/−;−/− bones (n = 3 each) were coated with ~30 nm thick layer of platinum and the fracture surfaces were imaged using an InLens detector at 2.5-5 kV. Images were taken at magnifications of ~50,000× to identify morphology of bone mineral present in the four genotypes.
Statistical Analyses. All analyses were done on SSPS 11.0 software using one-way ANOVA and post-hoc Students-Neumann-Keul tests. A confidence level of p < 0.05 implied statistical significance between the groups. Results were reported as mean ± standard deviation with *, ** and *** denoting p < 0.05, p < 0.01 and p < 0.001 respectively. In case of absence of significance with ANOVA, individual groups were subjected to the Student's t-test to identify difference between a specific knock-out and WT control. Spearman correlation analyses were also done for crystal thickness, crystal orientation and crystal shape parameters.
Data Availability. The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
